Increased litter size and within-litter uniformity in birth weight would improve pig reproductive efficiency. This study compared the location and gene and protein expression of secreted phosphoprotein 1 in placental and uterine tissues supplying a normally sized and the smallest fetus carried by hyperprolific Large White and Meishan gilts on Days 41-42 of pregnancy. Immunohistochemistry and in situ hybridization showed that the protein and gene encoding secreted phosphoprotein 1 were located in the glandular and luminal epithelium of the endometrium and in the placenta. Secreted phosphoprotein 1 protein levels were higher in glandular epithelium, luminal epithelium, and placenta from Meishan gilts compared to corresponding tissues from hyperprolific Large White gilts. Reverse transcription quantitative PCR demonstrated secreted phosphoprotein 1 mRNA levels were higher in endometrium, but not placenta, from Meishan compared to hyperprolific Large White gilts. In hyperprolific Large White gilts, secreted phosphoprotein 1 protein levels were higher in glandular epithelium and placenta surrounding small fetuses than corresponding tissues supplying normal-sized fetuses. Similarly, in Meishan gilts, secreted phosphoprotein 1 protein levels were higher in luminal epithelium surrounding small compared to normal-sized fetuses. Within hyperprolific Large White, but not Meishan, gilts secreted phosphoprotein 1 mRNA was higher in endometrium surrounding the normal-sized fetus than the control fetus. The contradictory relationship between fetal size and secreted phosphoprotein 1 protein and mRNA in the hyperprolific Large White is intriguing and may reflect breed differences in posttranslational modification. The striking breed differences in secreted phospoprotein 1 expression suggest that SPP1 may be associated with placental efficiency.
INTRODUCTION
A modest but sustainable increase in litter size coupled with greater within-litter uniformity in piglet birth weight would improve reproductive efficiency in pigs [1] . Of the various prolific groups of pigs known, the INRA hyperprolific Large White (HLW) selection line and Chinese Meishan (MS) pigs have been the subject of considerable research in recent decades. Although both populations typically give birth to an extra four live piglets per litter than occidental commercial breeds, they utilize different strategies to achieve such prolificacy. Meishan pigs achieve their improved litter size by having higher prenatal survival at a given ovulation rate [2, 3] maintained by greater uniformity in embryo development and function [4] and improved placental efficiency [5] . In contrast, the higher litter size in HLW gilts and sows is a result of higher ovulation rates and increased uterine capacity [6, 7] .
Many pig litters contain at least one piglet that is considerably lighter than its siblings. Low birth weight piglets are at greater risk of neonatal death, while those that do survive grow more slowly, reach a lighter mature body weight and display a range of compromised physiological functions. Studies conducted on growth-restricted pig fetuses that deviate from the growth trajectory of their normal-sized siblings revealed that the within-litter distribution in piglet weight at birth mirrors the distribution of within-litter fetal weight as early as Day 30 or 35 of pregnancy [8] [9] [10] , suggesting that factors associated with poor fetal growth are present during early pregnancy [11] . The attachment of the porcine trophoblast to the endometrium around Days 18-21 after mating is a critical step in the maintenance of pig pregnancy, affecting not only the future survival of the conceptus, but also the surface area of the placenta and hence its capacity for nutrient delivery to the fetus and subsequent fetal growth.
Independent lines of investigation have highlighted the importance of secreted phospoprotein 1 (SPP1, also known as osteopontin) a highly phosphorylated acidic glycoprotein member of the small integrin-binding ligand family in pig reproduction. For example, SPP1 is associated with litter size [12, 13] and the presence of a short interspersed nuclear element in the SPP1 gene is associated with litter size in second and subsequent parities [14] . In addition, the SPP1 gene is located on chromosome 8 under a quantitative trait loci (QTL) peak for prenatal survival and litter size [15] and for prenatal survival [16] in a F 2 Large White (LW) 3 MS crossbred population, and also in the region of a QTL with effects on the number of piglets born alive [17] . Recently, an association of a genetic polymorphism of the SPP1 gene with body weight and growth and other economically valuable traits was found in an F 2 Landrace 3 Jeji (Korea) Black pig population [18] .
SPP1 has also been shown to improve development of porcine embryos in vitro [19] , have reduced ovarian expression in prolific pig breeds [20] , be a key component of the biochemical cascade that enables the porcine trophoblast to attach to the endometrium [21] [22] [23] , mediate conceptus growth [24] , influence fetal/placental development in pigs [24] [25] [26] and humans [25] , and play an important physiological role in embryo implantation and placentation [27] [28] [29] . Indeed, SPP1 has recently been identified as a key molecule in facilitating conceptus-uterine interactions in mammals [30] .
SPP1 contains an Arg-Gly-Asp sequence that serves as a ligand for cell surface integrin receptors. Integrins are a family of membrane glycoproteins that function as transmembrane heterodimers comprising a and b subunits that bind to various extracellular matrix components and cell adhesion molecules to transduce cellular signals in uterine epithelial cells and conceptus trophectoderm [31] [32] [33] . A number of integrin subunits have been found at the apical surface of both endometrial luminal epithelium and conceptus trophectoderm during the period of maternal recognition of pregnancy [34] . The presence of avb3 integrin at the apical surface of luminal epithelium of the endometrium and of avb6 on trophectoderm are believed to mediate attachment in pigs [26, 35] . A recent study [36] proposed a model for SPP1 function where SPP1 serves as a key adhesive extracellular matrix protein that mediates trophectoderm cell attachment, focal adhesion formation, and reorganization of the cytoskeleton necessary for cell migration and attachment to uterine luminal epithelium.
Previous work has defined the temporal and spatial expression of SPP1 mRNA and protein during pregnancy in the pig uterus [24, 26] . However, there is currently no similar study comparing SPP1 localization or expression between fetoplacental units of different size within a litter or between different breeds. The aim of this study was to compare uterine and placental expression of SPP1 in two prolific breeds of pig having different strategies to achieve large litter sizes and to test the hypothesis that expression of SPP1, as a key mediator of uterine-conceptus interactions [30] , may be related to variations in fetal size within a litter.
MATERIALS AND METHODS

Animals and Tissue Collection
These investigations were conducted in accordance with European Union Directive 86/609/EEC on the protection of animals used for experimental and other scientific purposes. Reproductive tissues were collected from four MS and five HLW gilts. HLW gilts were from a line selected based on the number of piglets born alive per litter, resulting in a higher ovulation rate than nonselected LW and MS and a higher litter size than LW [6, 7] . All the gilts were artificially inseminated at their third postpubertal estrus with semen from purebred boars from the same breed. On Days 41 or 42 of pregnancy, animals were stunned by electric shock and exsanguinated. The fetuses from all the feto-placental units were removed and weighed. Sections of whole uterus (chorioallantois and endometrium), endometrium, and chorioallantois (defined hereafter as placenta) surrounding the smallest and a normal-sized fetus were collected from the area in contact with the amnion in situ. The ovaries were collected and corpora lutea dissected to determine the ovulation rate. A summary of the gilts studied is presented in Table 1 .
Tissue Preservation and Processing
Pieces of tissue of 0.5 cm in any single dimension were immediately preserved in RNAlater solution (Applied Biosystems) and fixated in methacarn (methanol:chloroform:glacial acetic acid, 6:3:
RNA Isolation
Around 30 mg of RNAlater-preserved placenta and endometrium tissue was homogenized in 1 ml RNA-Bee (AMS Biotechnology) in Lysing Matrix D tubes (MP Biomedicals). The homogenate was transferred to a fresh tube (;1 ml) and centrifuged at 12 000 3 g for 10 min at 48C. The supernatant (;1 ml) was transferred to a fresh tube and held at room temperature for 5 min. Chloroform (200 ll) was added, the tube was shaken vigorously for 15-30 sec and then kept on ice for 10 min. The sample was centrifuged at 12 000 3 g for 15 min at 48C. The upper aqueous phase (;500 ll) was transferred to a fresh tube and an equal volume of 70% ethanol was added and mixed by pipetting. The sample was transferred to an RNAeasy Mini Spin column (Qiagen) and processed according to the manufacturer's instructions with the following modifications. After the samples were transferred, buffer RW1 (700 ll) was added to the column, which was centrifuged for 15 sec at 8 000 3 g. The concentrations and quality of the isolated RNA samples were determined spectrophotometrically by a NanoDrop ND-1000 (Labtech International Ltd.) and with electrophoresis by a RNA 6000 LabChip kit (Applied Biosystems) on an Agilent Technologies Bioanalyser, respectively.
Reverse-Transcription Quantitative PCR
Complementary DNA (cDNA) was prepared in duplicate with 1 lg of isolated RNA through an reverse transcription (RT) reaction using random primers (Promega Corporation) and Superscript III (Invitrogen) and stored at À208C. Controls containing no DNA transcript or no Supercript III were used to test for reagent contamination and genomic DNA contamination. Quantitative PCRs (qPCRs) were run for SPP1 (forward: TTG GAC AGC CAA GAG AAG GAC AGT, and reverse: GCT CAT TGC TCC CAT CAT AGG TCT TG [GenBank accession number X16575]) as the gene of interest, for acid phosphatase 5, tartrate resistant (ACP5, commonly referred to as uteroferrin) (forward: GCA GCC AAG GAG GAC TAT GT, and reverse: GGT AGG CAG TGA CCT TGT GT [NCBI accession number NM-214209.1]) as a control for endometrial gene expression, and for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal protein L4 (RPL4), and hypoxanthine phosphoribosyltransferase 1 (HPRT1) as internal control genes identified from a total of nine genes [37] as the most stable in these tissues using GeNorm [38] . ACP5 is a progesterone-induced [39, 40] basic glycoprotein secreted by the uterine glandular epithelium of the pig, which contains a molecule of iron and possesses acid phosphatase activity [41] . It is one of the best studied components of pig uterine secretions [42] and functions to transport iron from the mother to the fetal-placental unit [43] [44] [45] . ACP5 is present in porcine endometrial tissue throughout pregnancy [46, 47] .
Complementary DNAs for all the samples were pooled and serial dilutions (from 1:4 to 1:128) were prepared in nuclease-free water. The cDNA of each sample was diluted 1:20 in RNase-free water. The samples (5 ll) were analyzed in duplicate for each cDNA, together with the dilutions for the standard curve, and the control for cDNA (no template control). A total of 20 ll of master mix-12.5 ll Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen), 0.1 ll ROX reference dye, 2 ll each of 5 lM forward and reverse primers, and 3.4 ll nuclease-free water-was added to each well. The data were transformed following the instruction in the GeNorm manual [38] in order to calculate the normalization factor using the three internal control genes. 
Immunohistochemistry
Paraffin-embedded methacarn sections (5 lm) of whole utero-placental units were incubated as follows: three times in xylene, in a graded series of ethanol, and twice in 0.3% Tween-20 in PBS. Nonspecific antibody-binding sites were blocked for 1 h in antibody dilution buffer (2 parts of 0.02 M PBS, 1.0% bovine serum albumin, and 0.3% Tween-20, and 1 part of glycerol) containing 10% normal goat serum. The slides were rinsed in PBS and incubated in a humidified chamber for 1 h at 378C with the primary antibodycocktail of whole rabbit anti-human recombinant SPP1 serum (1:100) (LF-166 and LF-124, gifts from Dr. Larry W. Fisher, NIH) [48] -or normal rabbit immunoglobulin G (IgG) (1:200; Insight Biotechnology Limited) as the negative control, diluted in antibody dilution buffer containing 10% normal goat serum. Slides were rinsed in PBS and incubated in the secondary antibody, Alexa Fluor 488 goat anti-rabbit IgG (1:100; Invitrogen) in antibody dilution buffer containing 10% normal goat serum for 1 h at room temperature and rinsed in PBS. The slides were counterstained in propidium iodide, washed in PBS and covered, and cured with ProLong Gold Antifade reagent (Invitrogen). The results were observed and analyzed with a Nikon Inverted Laser EC-1 confocal microscope. For the analysis of the microscope capture image, SPP1 protein expression was quantified using Image J software (http://imagej.nih. gov/ij/) in the three distinctive structures in whole utero-placental unit section: glandular epithelium, luminal epithelium, and placenta.
In Situ Hybridization
The visualization and location of SPP1 mRNA was performed in tissue sections placed on RNAase-free polylysine slides. A vector containing the SPP1 cDNA (accession number NM_214023) fragment (730-852 bp) and promoters for T7 and SP6 RNA polymerase was used as the template to prepare antisense and sense riboprobes labeled with 35 S-uridine-5 0 -triphosphate (Perkin Elmer) as described in the protocol of the Riboprobe Combination System Kit (Promega Corporation). As the control, pTRI-GAPDH rat antisense control template was used. The radiolabeled probe (5 3 10 5 cpm/slide) was denatured at 708C for 10 min in hybridization buffer (50% deionized formamide, 203 SSC, 13 Denhardt solution, 10% dextran sulfate, 0.5 mg/ml yeast RNA, 100mM dithiothreitol). Slides were hybridized overnight at 558C. After hybridization, the slides were washed twice in 23 SCC at 558C and in 23 SSC/50% formamide/0.1% b-mercaptoethanol at 558C. The slides were digested with deoxyribonuclease (DNase)-free ribonuclease (RNase; 10 lg/ ml) in 23 SSC for 60 min at 378C and washed twice in 23 SSC at 378C and in 23 SSC/50% formamide/0.1% b-mercaptoethanol for 20 min at 558C with shaking. A series of washes at room temperature were performed: 23 SSC for 15 min; 0.13 SSC for 15 min; 60% ethanol for 1 min; 80% ethanol for 2 min; 95% ethanol for 2 min; and 100% ethanol for 2 min. The slides were dipped into Amersham Hypercoat Emulsion LM1 in a dark room, stored in the dark at 48C for 1 wk and developed in Kodak D-19 developer, fixed in Kodak fixer, counterstained in Gill II modified Haematoxylin (VWR), and dehydrated through a graded series of alcohol and twice in xylene. The slides were coverslipped with distyrene, plasticizer, and xylene and left to dry overnight. The results were evaluated by both bright field and dark field microscopy with a Zeiss Photomicroscope III (Carl Zeiss Inc.).
Statistical Analysis
The distribution of the results for the RT-qPCR and immunohistochemistry were analyzed in a leaf plot in SAS (SAS Inst. Inc.) and the normality of the data was graphically checked. When needed, the data were square root, log 10 
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(measure þ 1) or log 10 (measure) transformed prior to statistical analysis in order to achieve a normal distribution of the data. The SPP1 protein data from glandular epithelium, luminal epithelium, and placenta were square root, log 10 (measure þ 1) and log 10 transformed, respectively. All the qPCR data for SPP1 were log 10 transformed and ACP5 qPCR data were log 10 (measure þ 1) transformed. The effect of fetal sizes or breed and their interaction on SPP1 protein and SPP1 and ACP5 mRNA were analyzed using a general linear model procedure (PROC GLM) in SAS (SAS Institute Inc.) blocking for gilt to account for the common maternal environment shared by the smallest and normal-sized siblings. Differences between pairs of least-square means were determined using the PDIFF option within SAS.
RESULTS
RT-qPCR
Endometrial tissue SPP1 mRNA expression was higher in MS endometrial tissues compared to HLW (P ¼ 0.017) and in HLW, but not MS, endometrial tissues supplying normal compared to small fetuses (P ¼ 0.02; Table 2 ). There were no effects on placental SPP1 expression and there were no significant breed 3 fetal size interactions. Endometrial tissue ACP5 mRNA expression was higher in MS compared to HLW (P ¼ 0.004); however, there were no significant relationships between endometrial ACP5 expression and fetal size.
Location of SPP1 Protein in Whole Utero-Placental Units by Immunohistochemistry
SPP1 protein was localized by immunohistochemistry in whole utero-placental units supplying HLW and MS fetuses. A representative picture of each structure from the sections is presented in Figure 1 , together with a control for each. Visual examination of the images revealed that in both breeds and fetal sizes, SPP1 protein was localized in endometrial glandular epithelium toward the apical region of the cells compared to the expression toward the basal region in the luminal epithelium cells.
Quantification of SPP1 Protein in HLW and MS Gilts
Meishan placenta and both glandular and luminal uterine epithelium had more SPP1 per cell than the corresponding tissues from HLW gilts (Fig. 2) . In both breeds, the glandular and luminal uterine epithelium surrounding small fetuses had more protein than the tissues surrounding normal-sized fetuses. In MS pigs, the placenta supplying normal-sized fetuses contained more SPP1 protein than the placenta supplying small fetuses. There was no effect of fetal size on placental SPP1 protein expression in HLW gilts.
Location of SPP1 mRNA in Whole Utero-Placental Units by In Situ Hybridization SPP1 mRNA was localized by in situ hybridization in whole utero-placental units of HLW and MS fetuses. In Figure  3 , a representative dark field antisense picture of each of the structures present in the section is shown together with its corresponding bright field picture. Representative dark and bright field sense pictures were also shown. There is clear SPP1 mRNA expression in the glandular and luminal 
DISCUSSION
This is believed to be the first study to describe the expression and localization of SPP1, a key facilitator of uterine-conceptus interactions in mammals [30] , in prolific genotypes of pigs. Although there was no breed difference in ovulation rate in the animals studied, this study revealed novel differences in the abundance of SPP1 mRNA and protein in reproductive tissues obtained from both breeds. The distribution of SPP1 within the uterus and placenta was similar to that observed in LW [24, 26, 32] , although both breed and fetal size differences in abundance were detected. In general, protein and mRNA levels of SPP1 in both tissue types were higher in tissues collected from MS compared to HLW gilts, which may reflect the different strategies employed by the two breeds to achieve prolificacy. In both breeds, endometrial and placental tissues supplying small fetuses had more SPP1 than tissues supplying normal-sized fetuses in the same uterus. The absence of a relationship between endometrial ACP5 expression and fetal size suggests that the relationship between SPP1 and fetal size does not merely reflect a general elevation in endometrial gene expression in endometrial tissues supplying larger fetuses. Collectively, these findings support an increasing body of work indicating that SPP1 is important in uterine-conceptus interactions [30] and provide new evidence of local regulation of SPP1 in different feto-placental units within the same uterus.
The pig has a noninvasive diffuse folded epitheliochorial placenta, where implantation remains superficial [49] . Therefore, the efficiency of the placenta is dependent on the contact surface area with the uterine wall and the efficiency of placental nutrient transfer. Strategies designed to meet the requirements of rapidly growing pig fetuses from Day 35 to 70 of gestation [50] include increases in placental surface area for attachment, increased vascular density [51] , and alterations in nutrient transport capacity. Comparative studies between commercial breeds and MS pigs indicate that MS pigs exhibit greater within-litter uniformity in fetal weight [9] and space occupied by the conceptus and have a lower placental:fetal weight ratio. However, MS placental tissue has a greater density of blood vessels, facilitating placental nutrient transport [5] . The increased abundance of SPP1 in endometrial and placental tissues observed in the current study suggests another means by which the MS can ensure the effectiveness of maternal-fetal attachment and function, in the absence of dramatic increases in placental surface area, because SPP1 serves a key role in maintaining contact between the placenta and uterus through adhesion by integrin binding. In contrast, HLW pigs tend to have larger uteri, where uterine space is less limiting. The mechanism by which breed differences in placental and endometrial SPP1 abundance arise is not known and warrants further study.
Piglet birth weight and within-litter variation in birth weight are determinants for the survival and weight of the litter. Given that deviations in the fetal growth trajectory are evident from the end of the first month of pregnancy in the pig, it is important to identify biochemical markers associated with fetal size in order to gain understanding of the causes and consequences of fetal growth retardation and possible compensatory mechanisms. Results from this study indicating higher SPP1 mRNA expression in endometrium supplying normal, compared to small, littermate HLW fetuses support the positive relationship between SPP1 expression and fetal size observed from midgestation in SPP1 knockout mice [52] . It is intriguing that, in contrast to the relationship between fetal size and SPP1 mRNA expression, both glandular and luminal epithelia levels of SPP1 protein were lower in uteri surrounding normal-sized fetuses, providing further evidence of extensive regulation and posttranslational modification of SPP1 [53] . In addition, these results suggest that SPP1 is, at least in part, controlled by local mechanisms within the fetoplacental unit, the nature of which are at present unknown. The inverse relationship between fetal size and uterine SPP1 protein levels observed in the current study could provide a mechanism to facilitate placental attachment and hence nutrient transfer to smaller fetuses. In summary, the results presented here indicated that both genotype and local within-uterine factors affect placental and uterine abundance of SPP1 in the pig. PIG UTERINE AND PLACENTAL SPP1
